Introduction {#s1}
============

*Toxoplasma gondii* is a wide-spread obligate intracellular parasite that is thought to infect over two billion people worldwide. *T. gondii* infection of healthy individuals causes no major complications, infection can cause severe disease in immunocompromised individuals and foetuses infected *in utero*. The pathological manifestation is caused in a large part by repeated rounds of the parasite's lytic cycle, beginning with active invasion of the host cell by the parasite, replication within a specialized vacuole termed the parasitophorous vacuole (PV), followed by egress and lysis of the host cell. Replication occurs via a unique process of endodyogeny, where two daughter parasites are constructed within the mother, before elongating and budding, leading to the breakdown of the maternal parasite ([@bib18]). Remnants of the mother cell remain at the posterior end of the daughter parasites in a structure known as the residual body (RB), which has a role in organizing the parasites into their characteristic rosette pattern within the PV ([@bib36]; [@bib25]). Membrane connections persist between the RB and the parasites until host cell lysis and parasite egress, presumably to allow inter-parasite communication ([@bib36]). To date little is known about the molecular mechanisms underlying these processes. Previous studies focused on the role of microtubules during parasite replication, since treatment with microtubule inhibitors leads to structural collapse of the parasite, while actin-modulating drugs are thought to cause only slight defects in replication ([@bib46]). In contrast, research on parasite actin focused on its crucial role during host cell invasion and egress ([@bib11]). However, recent studies have also implicated actin and myosins in intracellular processes including apicoplast division ([@bib16]; [@bib2]; [@bib28]), secretory organelle (dense granule) transport ([@bib21]) and parasite replication ([@bib19]).

Actin is a highly conserved protein, which forms dynamic filaments in eukaryotic cells. Through an association with actin-binding proteins, these filaments are themselves organized into higher order structures that play important roles in a wide variety of cellular functions including muscle contraction, vesicle transport and cytokinesis. *T. gondii* actin is encoded by a single gene, *act1* and has only \~80% sequence identity with mammalian actin isoforms but shares 93% similarity with *Plasmodium* ACT1 ([@bib13]). Apicomplexan ACT1 is clearly essential, and compared to its counterparts in higher eukaryotes is believed to be intrinsically unstable, resulting in the formation of only short filaments ([@bib48]). Biochemical assays indicate that 97% of the parasites actin is present in the globular form [@bib13]; [@bib48]; [@bib53]). It has been proposed that apicomplexan actin is unique amongst actins as it polymerizes in a highly unusual, isodesmic manner ([@bib49]). According to the isodesmic polymerisation model, monomer addition is governed by a single equilibrium constant, meaning that no (unfavourable) activation step is required to initiate the formation of the first dimer leading to polymerisation. In this instance, nucleation and elongation are equally favourable. This contrasts to cooperative polymerisation, where the activation step is the formation of the first dimer/trimer, which has a higher equilibrium constant than polymer elongation ([@bib50]). Therefore polymer formation can only occur above a critical concentration (Cc) of monomers ([@bib39]). It is this activation step that is regulated by actin nucleators, such as the Arp2/3 complex or formins ([@bib10]). Puzzlingly, formins and other actin nucleating proteins have been shown to have essential roles in *Toxoplasma* and *Plasmodium,* begging the question of their function if they are not required to initiate actin polymerisation or accelerate filament elongation ([@bib5]; [@bib28]). A recent study suggested that the polymerization process of apicomplexan actin needs to be reinvestigated, as heterologously expressed apicomplexan actin, the basis for many of the previous studies, is incorrectly folded ([@bib37]). Furthermore, it was demonstrated that conditional deletion of *act1* in *T. gondii* results in complete abrogation of known actin functions, long before G-actin levels are fully depleted, suggesting that in vivo the formation of F-actin depends on a critical monomer concentration ([@bib54]). This raises concerns about previous studies of actin polymerization kinetics based on mis-folded actin. Furthermore, imaging studies on different life cycle stages of the apicomplexan parasite, *Plasmodium falciparum,* demonstrated the formation of an extensive F-actin cytoskeleton in both gametocytes and ookinetes ([@bib24]; [@bib47]). Using 3D-SIM it was demonstrated in gametocytes that these filaments appear to be organized in the cytoplasm, below the Inner Membrane Complex (IMC; a specialised structure found in apicomplexans that consists of membranous vesicles and structural components located just beneath the plasma membrane) of the parasite rather than between the IMC and the plasma membrane ([@bib24]), where it is thought to power parasite gliding motility ([@bib34]).

To further address the role of ACT1 in parasite growth, we characterized a recently generated conditional actin knockout parasite line (*act1 cKO*) during the intracellular portion of the parasites lytic cycle ([@bib2]). We demonstrate that *act1* cKO parasites lack a residual body and grow in an asynchronous and disorganized manner within the PV. Further investigation of actin functions required imaging the filamentous actin cytoskeleton. Previous attempts to visualise F-actin within the parasites have largely been unsuccessful, since conventional actin labelling techniques such as Life-Act, Phalloidin and SiR-Act do not allow detection of F-actin within the parasites. GFP-actin shows a high signal to noise ratio in parasites causing the inability to differentiate actin filaments from the monomeric form [@bib3]. Thus we sought a new approach to image F-actin in intracellular parasites by expressing actin-chromobody, a single chain anti-actin camel antibody that has been successfully employed in diverse eukaryotes, including plants ([@bib43]) and animal cells ([@bib41]; [@bib40]). Chromobodies (Cb) were found to have several advantages compared to other actin probes, such as lower toxicity, less influence on F-actin dynamics and a high signal to noise ratio ([@bib40]). Using this probe, we were able to visualise filamentous actin in live parasites. While some filamentous structures were seen within the parasite cytosol as expected, we were surprised to observe extensive F-actin networks in the RB and F-actin-containing membranous tubules linking parasites within a vacuole. These tubules appear to be involved in the transport of material between parasites and recycling of the mother IMC at the end of the replication cycle. Collectively, these data identify new roles for actin in the intracellular phase of the parasites lytic cycle and provide a robust new tool for imaging parasitic F-actin dynamics.

Results {#s2}
=======

Depletion of actin results in the loss of the residual body {#s2-1}
-----------------------------------------------------------

We previously characterised a conditional knockout for *Toxoplasma* actin (*act1 cKO*) and found that, in addition to its important role during gliding motility and host cell invasion, parasite actin is essential for maintenance of the apicoplast, dense granule motility and host cell egress ([@bib16]; [@bib21]). Additionally, a recent study demonstrated a role for actin in parasite replication ([@bib19]) and thus we used the *act1 cKO* to further examine the role of actin in parasite growth. Although initially intracellular *act1 cKO* parasites replicate at comparable rate to wild-type parasites ([@bib16]), they grew asynchronously and appeared disorganised, without the characteristic rosette organization of parasites in the parasitophorous vacuole ([Figure 1A and B](#fig1){ref-type="fig"}). While parasites replicate normally up to the 4 cell stage, later divisions are not tightly synchronised ([Figure 1A](#fig1){ref-type="fig"}), meaning that within the same PV parasites can be identified that are at different stages of endodyogeny ([Figure 1B](#fig1){ref-type="fig"}, arrow). In addition, the intravacuolar network, as visualised using Gra2 antibodies ([@bib35]), appeared disorganised and malformed ([Figure 1A](#fig1){ref-type="fig"}). Using scanning electron microscopy (SEM) of intracellular parasites, we observed that in wild-type (RH) *T. gondii* a membranous network connects parasites at their posterior pole whereas no obvious connections between individual parasites were observed in the *act1* cKO ([Figure 1B](#fig1){ref-type="fig"}). In addition, imaging of extracellular parasites by SEM and immunofluorescence showed aberrant morphology at the posterior pole in the *act1* cKO parasites, which appears generally flattened ([Figure 1C](#fig1){ref-type="fig"}, arrow). Together, these data suggest a role of actin in the formation of the RB, the organization of parasites within the PV and the intravacuolar network. Furthermore, asynchronous replication of parasites within the PV may indicate a loss of signalling between individual parasites.10.7554/eLife.24119.003Figure 1.Analysis of intracellular development of *act1* cKO.(**A**) Conditional null mutants for *act1* were induced as previously described in order to excise *act1* ([@bib16]). 96 hr post induction, parasites were fixed and stained with anti-Gra2 to visualise the intravacuolar network. Scale bars: 10 µm. Replication assay of loxP*act1* and *act1* cKO. Number of nuclei per parasitophorous vacuole were counted 24 hr after inoculation on HFF cells. Mean values of three experiments in triplicate are shown. Asynchronous division is indicated by PVs with unusual amounts of parasites (≠2^n^). Two-way ANOVA followed by Sidak's test were used to compare means between groups. \*\*\*\*p\<0.0001, \*\*\*p\<0.001, non-significance (ns) p\>0.05. For source data see supplemental information ([Figure 1A---source data 1](#SD1-data){ref-type="supplementary-material"}). (**B**) *Top image*: The developing IMC of parasites is shown using IFA. Note that in case of *act1* cKO individual parasites are in different stages of replication (i.e. white arrow indicates a parasite at the end of replication). Scale bars: 10 µm. *Bottom image*: Scanning EM analysis in intracellular parasites. Scale bars: 2 µm. Note the disordered appearance of parasites within the PV in absence of ACT1 and flattened bottom of the *act1* KO parasites (Red Arrowhead). (**C**) Analysis of the IMC of the *act1* cKO using IFA and scanning EM analysis in extracellular parasites. *act1* cKO parasites have a flattened bottom, torpedo shape (Red arrowhead). The posterior pole of the parasite appears to be misformed, indicating a role of ACT1 during the final stages of replication (see also [Figure 9](#fig9){ref-type="fig"}). Scale bars: fluorescence images: 5 µm, SEM: 2 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.24119.003](10.7554/eLife.24119.003)10.7554/eLife.24119.004Figure 1---source data 1.**DOI:** [http://dx.doi.org/10.7554/eLife.24119.004](10.7554/eLife.24119.004)

Actin is required for material transport between individual parasites within the parasitophorous vacuole {#s2-2}
--------------------------------------------------------------------------------------------------------

Based on electron microscopy evidence, the RB has been predicted to be involved in the transfer of material between parasites within a vacuole ([@bib36]) although this has not been previously demonstrated. To investigate this hypothesis and the role of actin in this process, we infected host cells with wt or *act1* cKO parasites expressing GFP and bleached individual parasites within the PV before measuring the time of fluorescence recovery ([Videos 1](#media1){ref-type="other"} and [2](#media2){ref-type="other"}; [Figure 2A](#fig2){ref-type="fig"}). While the fluorescence signal recovered rapidly in wt parasites (\~30 s), no fluorescence recovery could be observed in parasites depleted of actin, indicating a defect in material transfer ([Figure 2A](#fig2){ref-type="fig"}). From this experiment, we concluded that individual parasites remain connected via the intravacuolar network and can exchange cytoplasmic material. Furthermore, these connections appear to be actin dependent.10.7554/eLife.24119.005Figure 2.Material transport in between individual parasites within a PV.(**A**) FRAP treatment in a conditional *act1* cKO 72 hr after excision of *act1* (Left panel). FRAP treatment shows no recovery in fluorescence intensity in the bleached cell (arrow) over the duration of the experiment (90 s), indicating that the absence of actin abrogates transport of constitutively expressed YFP between neighbouring cells. FRAP treatment in a wt strain constitutively expressing GFP shows recovery in a bleached cell as soon as 20 s after bleaching (right panel, control experiment). Intensity in the FRAP area was expressed as intensity percentage of the same area in a cell unbleached. Scale bar; 5 µm. See also [Videos 1](#media1){ref-type="other"} and [2](#media2){ref-type="other"}. FRAP experiments shown are representative for several biological replicates (n \> 3). (**B**) Extracellular vesicles are actively transported in wt parasites. Vesicles positive for GAPM1a-YFP were seen to be transported. Individual vesicles were tracked and their path color coded by frame according to indicated scale. Time is indicated in minutes. Scale bar: 5 µm, detail 1 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.24119.005](10.7554/eLife.24119.005)Video 1.FRAP on *act1* cKO.FRAP treatment in a conditional *act1 c*KO 72 hr after excision of *act1* in loxPAct1. After FRAP treatment in a cell in the PV, no recovery in fluorescence intensity was observed. Scale bar 5 µm. Imaging speed 5 fps.**DOI:** [http://dx.doi.org/10.7554/eLife.24119.006](10.7554/eLife.24119.006)10.7554/eLife.24119.006Video 2.FRAP on RH-YFP.FRAP treatment in a RH strain constitutively expressing GFP shows recovery in a bleached cell after a period of 20 s. Scale bar 5 µm. Imaging speed 5 fps.**DOI:** [http://dx.doi.org/10.7554/eLife.24119.007](10.7554/eLife.24119.007)10.7554/eLife.24119.007

To determine if vesicular as well as cytoplasmic material could be transferred between parasites, we performed time-lapse analysis of the integral membrane protein GAPM1a-YFP ([Figure 2B](#fig2){ref-type="fig"}) and identified vesicles moving in a directed manner, demonstrating that vesicular transport occurs outside of the parasite ([Figure 2B](#fig2){ref-type="fig"}, [Video 3](#media3){ref-type="other"}). Of note, digital tracking of vesicles suggested a directional movement along a tubular or filamentous structure.Video 3.Vesicular motility of GAPM1A-YFP in parasites endogenous expressing GAPM1a-YFP vesicles positive for GAPM1a-YFP were seen to be transported extracellularly.A vesicle was tracked and its path indicated. Time is indicated in minutes, scale bar 1 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.24119.008](10.7554/eLife.24119.008)10.7554/eLife.24119.008

In summary, these data indicate that individual parasites within a vacuole remain connected via a network, possibly through the RB that is required to transfer both cytoplasmic and membrane bound material between individual parasites. We hypothesize that parasite actin is required for the formation and/or maintenance of this interconnecting network.

Expression of chromobodies in *T. gondii*: Identification of a filamentous actin network connecting parasites within the parasitophorous vacuole {#s2-3}
------------------------------------------------------------------------------------------------------------------------------------------------

We hypothesised that actin may be involved in residual body formation and inter-parasite communication. However, F-actin has not previously been visualised in live parasites, complicating a functional characterisation of F-actin and F-actin dynamics in apicomplexan parasites. In order to visualize F-actin in *T. gondii,* we modified a commercially available actin-chromobody (Cb) that has been established as a novel tool to study F-actin dynamics in living cells. This single chain camel antibody specifically recognizes F-actin and has been successfully employed to study actin dynamics in diverse eukaryotes. We generated two expression vectors for Cb, where Cb is fused to either Emerald GFP (Cb-EmGFP; \[[@bib45]\]) or Halo (Cb-Halo; \[[@bib30]\]). Upon transient expression of these proteins, we obtained identical staining of filamentous structures within the parasites. Cb was also localised somewhat diffusely in the parasite cytosol, probably corresponding to unbound Cb in the cytosol as the protein was expressed at a high level ([Figure 3A](#fig3){ref-type="fig"}). Strikingly, individual parasites within the PV remain connected by a filamentous actin network which stretches throughout the RB and parasitophorous vacuole and can be seen to enter the posterior pole of individual parasites ([Figure 3A](#fig3){ref-type="fig"}, arrow). With increasing size of the parasitophorous vacuole, an impressive intravacuolar network consisting of F-actin became apparent ([Figure 3B](#fig3){ref-type="fig"}) that appeared to not only connect individual parasites, but also reached from the centre to the edge of the PV ([Figure 3B](#fig3){ref-type="fig"}, Figure 7).10.7554/eLife.24119.009Figure 3.Filamentous actin can be visualized by expression of Cb-Halo and Cb-Emerald.(**A**) Sections of parasite vacuoles in two, four, and eight-cell stage stably transfected with Cb-Halo or Cb-Emerald (red). A filamentous network connecting individual cells (arrows) can be visualised using Cb-Halo and Cb-Emerald. Parasites were co-stained with IMC marker, GAP45 (green), DAPI staining (blue) Scale bar 5 µm. (**B**) Images of larger parasite vacuoles containing 16 or 32 parasites transfected with Cb-Emerald (red). Parasites were co-stained with IMC marker GAP45 (green). Note the formation of the extensive intravacuolar network with long filamentous tubes (see also [Figure 7](#fig7){ref-type="fig"}). Scale bar 10 µm (**C**) *Top*. Image of parasites expressing SAG1ΔGPI-GFP to label the dense granules and low and high levels of Cb-Halo. Scale bar 10 µm. *Bottom*. Directed granule run frequency in control (non-expressing) parasites and parasites expressing Cb-Halo at high and low levels. \*\*\*p\<0.0001; students t-test. Total number of directed runs counted in control, low expression and high expression samples were 183, 150 and 1 respectively. Total number of vacuoles analysed from control, low expression and high expression were 19,17 and 14, respectively, from two independent transfections. Error bars are S.E.M.**DOI:** [http://dx.doi.org/10.7554/eLife.24119.009](10.7554/eLife.24119.009)

During transient expressions of the fusion proteins, the majority of intracellular parasites appeared healthy with no apparent morphological changes, indicating that expression of Cb-proteins is well tolerated by the parasite. To analyse the effects of Cb expression on actin dynamics, we used dense granule motility as a surrogate marker, since it has been shown to critically depend on actin dynamics ([@bib21]). Parasites stably expressing SAG1-ΔGPI-GFP (to label the dense granules) were transiently transfected with Cb-Halo and dense granule motility was analysed and correlated to mean fluorescent intensity of Cb-Halo within the parasite ([Video 4](#media4){ref-type="other"}; [Figure 3C](#fig3){ref-type="fig"}). Strong expression of Cb-Halo leads to an almost complete block of dense granule motility, however, weaker expression levels are well tolerated with no significant change in either dense granule run frequency ([Figure 3C](#fig3){ref-type="fig"}) or run length compared to controls (935 ± 39 nm vs 1013 ± 53 nm for control and Cb-Halo, respectively).Video 4.Dense Granule dynamics in intracellular *T. gondii* parasites expressing SAG1△GPIGFP and low or high levels of CB-Halo.Imaging speed 10 fps, playback 6x real time.**DOI:** [http://dx.doi.org/10.7554/eLife.24119.010](10.7554/eLife.24119.010)10.7554/eLife.24119.010

In summary, expression of Cb is well tolerated by the parasite indicating that it does not significantly adversely affect normal actin functions within the cell, in agreement to data obtained in other cellular systems ([@bib6]; [@bib40]). However, it cannot be ruled out that actin dynamics are locally affected within the cell due to expression of Cb.

Generation of stable parasite lines expressing Cb-Halo or Cb-Emerald {#s2-4}
--------------------------------------------------------------------

As transient transfection resulted in a heterologous population of parasites expressing Cb at varying levels, which may be deleterious for the parasites, we generated stable parasite lines expressing either Cb-Halo or Cb-Emerald and confirmed that parasite growth, invasion, replication and egress rates are indistinguishable from wt parasites ([Figure 4A--E](#fig4){ref-type="fig"}). To ensure minimal influence of Cb expression on actin dynamics in our stable line, we also analysed gliding motility, an important process depending on F-actin dynamics ([@bib11]; [@bib15]; [@bib28]; [@bib38]; [@bib48]; [@bib53]). We found that the rate of overall motility is slightly increased (p\<0.05) upon expression of Cb ([Figure 4F](#fig4){ref-type="fig"}), indicating an influence of Cb expression on actin dynamics. Intriguingly, average trajectory lengths are identical in wt and Cb expressing parasites ([Figure 4G](#fig4){ref-type="fig"}), while average gliding speed is reduced ([Figure 4H](#fig4){ref-type="fig"}). We also analysed average invasion speeds and confirmed that parasites penetrate the host cell within 30 s irrespective of Cb expression ([Figure 4D](#fig4){ref-type="fig"}). Furthermore, time lapse imaging of Cb-Emerald demonstrated a highly dynamic behaviour of F-actin within the cytosol ([Video 5](#media5){ref-type="other"}). Together these data demonstrate that, similar to the situation in other eukaryotes, the expression of this actin binding protein has no or modest effects on established actin-dependent processes in *T. gondii*. Moreover, as we identified little phenotypic consequence due to stable Cb expression in actin function, this reagent will be a useful tool for detecting parasite F-actin in live cells, and characterizing actin dynamics and organization.10.7554/eLife.24119.011Figure 4.Phenotypic analysis of parasite expressing Cb-Halo.(**A**) *Left*. Growth assay of indicated parasites. After 5 days growth no significant difference in growth rates can be observed. *Right*. Representative image of plaque area size created. Scale bar, 100 μm. (**B**) Replication rates between Cb-Halo and RH parasites are comparable. Indicated parasites were inoculated on HFF cells and number of parasites/vacuole was determined. (**C**) Invasion rates are not significantly different between RH and Cb-Halo expressing parasites. Parasites were allowed to invade for 1 hr, before non-invaded parasites were removed. (**D**) Penetration time of parasites was determined using time-lapse analysis. Both RH and Cb-Halo expressing parasites are capable to invade the host cell within 30 s. In some cases slower parasites can be detected, although on average the difference is insignificant. n = 22 independent events. (**E**) No differences in egress could be detected between RH and Cb-Halo parasites. Egress was triggered using Calcium Ionopore A23187 and the number of egress events was determined after 10 min. (**F**) Trail deposition assay comparing gliding rates between RH and Cb-Halo. Cb-Halo parasites form slightly more trails (\*p\<0.05). (**G,H**) Comparison of gliding motility between RH and Cb-Halo. Whereas average run length (**G**) is identical, parasites expressing Cb-Halo demonstrate slower gliding speeds for helical and circular motility. Parasites were tracked with Fiji wrMTrck software. N = 20 individual events for each condition. All assays were conducted in triplicates. Datasets were compared using two-tailed Student's t-test. Error bars for A,B,C,E,F represent S.E.M from three independent, biological replicates. Error bars for D, G, H represent 95 % CI. \*p\<0.05, \*\*\*\*p\<0.0001. For source data see supplementary information ([Figure 4---source data 1](#SD2-data){ref-type="supplementary-material"}).**DOI:** [http://dx.doi.org/10.7554/eLife.24119.011](10.7554/eLife.24119.011)10.7554/eLife.24119.012Figure 4---source data 1.**DOI:** [http://dx.doi.org/10.7554/eLife.24119.012](10.7554/eLife.24119.012)Video 5.Parasites expressing Cb-Emerald demonstrate highly dynamic F-actin dynamics.After FRAP treatment in a cell in the PV, recovery of fluorescence intensity is observed due to polymerization of new actin filaments formed from the cell periphery to the bleached cytoplasm region. Scale bar 5 µm. Imaging speed 5 fps.**DOI:** [http://dx.doi.org/10.7554/eLife.24119.013](10.7554/eLife.24119.013)10.7554/eLife.24119.013

Cb specifically binds to parasite F-actin and does not alter the total amount of F-actin {#s2-5}
----------------------------------------------------------------------------------------

To further validate Cb for its use in apicomplexan parasites, we next analysed binding characteristics of Cb to F-actin. Since apicomplexan actin cannot be functionally heterologously expressed ([@bib37]), we used skeletal chicken actin to estimate the binding characteristics of Cb to F-actin. Recombinant Cb with a C-terminal 6-His tag (rCb) was expressed and purified from bacteria ([Figure 5A,B](#fig5){ref-type="fig"}). rCb bound to chicken skeletal actin with *K~d~* of 5 ± 1 µM ([Figure 5B](#fig5){ref-type="fig"}). To confirm that Cb-Halo binds specifically to *Toxoplasma* F-actin when expressed in the parasite, we co-immunoprecipitated actin from extracellular parasites using an anti-Halo antibody ([Figure 5C](#fig5){ref-type="fig"}). As expected, only a small proportion of actin was precipitated, which corresponds well with published data suggesting that only \~2% of total parasite actin can be found in its filamentous form in extracellular parasites ([@bib12]). Importantly, mass-spectrometric analysis of the immunoprecipitation confirmed that Cb-Halo specifically precipitated parasite actin. Although additional, potential F-actin binding proteins were detected, no host cell actin, actin related or actin-like proteins could be identified (not shown). To assess if expression of Cb stabilises F-actin in parasites, we compared the amount of pelletable actin in parasites expressing Cb and wt parasites ([Figure 5D](#fig5){ref-type="fig"}). We confirmed that in both cases F-actin is barely detectable in extracellular parasites, indicating that it is primarily found in globular form. Treatment of parasites with Jas allowed detection of significant amount of F-actin in the pellet. Of note, no significant difference could be observed between control parasites and parasites expressing Cb. Together, these data confirm that expression of Cb in parasites allows detection of F-actin and that Cb expression has only minor effects on F-actin dynamics, as previously shown in other eukaryotes ([@bib40]).10.7554/eLife.24119.014Figure 5.Chromobodies are specific for parasite F-actin and do not influence total amount of F-actin in the parasite.(**A**) Coomassie stained gel showing recombinant Cb purified from bacteria. (**B**) *Left.* rCb affinity assays. Coomassie stained gels showing in vitro binding of purified Cb (4 μM) to variable range of skeletal chicken F-Actin concentration (80 μM down to 0 μM). Supernatant (S) and pellet (P) were separated by ultracentrifugation. *Right*. Quantitative analysis. Ratio between purified Cb in the supernatant and pellet was determined. Solid line is a fit of the binding equation to the data (*K*d = 5 ± 1.2 mM). Results obtained from two independent experiments. (**C**) Interaction between Cb-Halo and actin in *T. gondii* Cb-Halo expressing strain. Western blot comparison of input lysate (I) and elution (**E**) obtained from co-immunoprecipitation using beads against the halo-tag with the Cb-Halo strain and RH. Actin pull-down was only detected in the Cb-Halo expressing strain. (**D**) Sedimentation assays. Actin sedimentation, with and without Jasplakinolide (1 μM) was evaluated for Cb-Halo strain and RH. GRA7 was used as loading control and signal intensity normalisation between conditions. Increased amount of F-actin was found in the pellet of parasites incubated in the presence of Jasplakinolide. However, no difference between RH and parasite expressing Cb-Halo could be detected in both control and Jas treated condition (n = 6).**DOI:** [http://dx.doi.org/10.7554/eLife.24119.014](10.7554/eLife.24119.014)

Cb positive structures correspond to parasite F-actin {#s2-6}
-----------------------------------------------------

Next, we wished to determine if Cb binds specifically to F-actin within the parasites. Using actin-modulating drugs, the actin cytoskeleton was either depolymerized with Cytochalasin D (Cyt-D) or stabilized with Jasplakinolide (Jas). Treatment of intracellular parasites with Cyt-D led to the disintegration of the inter-parasite connections with only punctate spots remaining, which were also identified with anti-actin antibody ([Figure 6A](#fig6){ref-type="fig"}). In contrast, treatment with Jas led to the stabilisation of F-actin and intra-parasite connections were easily detectable with either Cb or an anti-actin antibody ([Figure 6A](#fig6){ref-type="fig"}). Using default settings of the Ridge Detector plugin ([@bib51]) we determined the apparent number, maximum length and average filament size of PVs treated with Jas, Cyt-D or untreated PVs (control) ([Figure 6A](#fig6){ref-type="fig"} right panel). In Jas-treated PVs, and in contrast to Cyt-D treated PVs, there is an increase in average and maximum filament size, together with a decrease in total number of short filaments supporting the stabilisation and depolymerisation of Cb-Halo detected filaments in the presence of Jas and Cyt-D respectively. An intermediate situation occurs in untreated PVs with long filaments and high number of short filaments supporting a dynamic regulation in actin polymerisation in control samples. Overall, these results support that filaments detected with Cb-Halo behave as typical actin filaments in the presence of actin regulatory drugs. This supports the evidence that Cb-Halo is specifically labelling F-actin filaments and that Cb binding to actin does not prevent depolymerisation caused by Cyt-D.10.7554/eLife.24119.015Figure 6.Chromobodies specifically stain parasite F-Actin.(**A**) 3D-SIM imaging of parasites transiently expressing Cb-Halo (red) and stained using actin antibody (green) ([@bib4]). Treatment with 100 nM Jas for 1 hr results in formation of an elaborate network, whereas treatment with 2 μM Cyt-D, the filamentous network collapses. Note that in the bottom images a field of view was selected were a transiently transfected PV expressing Cb-Halo is next to a non-transfected PV. Both show identical staining. Scale bars 2 μm. Right: Quantification of the apparent filament size in five representative PVs growth for 24 hr, as measured using default settings in the Ridge Detection Plug In (ImageJ, see Material and Methods), n is the number of filaments, max size is the longest filament found in each condition expressed in µm. Number below indicates average pixels +/- SEM (10 pixels correspond to 1 [µm]{.ul}). (**B**) Expression of Cb-Halo in a conditional act1 cKO. A filamentous network is observed prior to excision of *act1*. As soon as 24 hr after excision of act1 the network diminishes. Right: The percentage of vacuoles with \>8 parasites containing actin filaments in RH Δ*hxpgrt* and *act1* cKO were quantified at 24, 48, 72 and 96 hr after induction. Mean values of three experiments in triplicate are shown. One way ANOVA followed by Dunnett's multiple comparisons test was used to compare means between groups. \*\*\*p\<0.0001. (**C**) Host cell actin is not involved in formation of the filamentous network. Parasites were allowed to replicate for 24 hr, before being treated for 3 hr with indicated concentration of Latrunculin A. Host cell F-actin was visualised with Phalloidin488 (green). Scale bars; 10 μm. (**D**) Analysis of actin dynamics in a conditional mutant for *adf*. Left: Immunoblot using indicated antibodies. ADF-HA is depleted upon treatment of parasites with 1 μM ATc. Parasites were grown for 96 hr in HFF cells in the presence and absence of inducer, before being artificially released. Equal amounts of parasites were loaded. Right: Representative still image of [Video 6](#media6){ref-type="other"} and [7](#media7){ref-type="other"}. Parasites were grown for 96 hr in the presence or absence of ATc. Note that upon depletion of ADF no actin filaments can be detected in the cytosol of the parasites (arrows) and F-actin accumulates at the posterior and (to a lesser extent) apical pole of the parasite. Scale bar: 5 μm. For source data (**A,B**) see supplementary information ([Figure 6---source data 1](#SD3-data){ref-type="supplementary-material"}).**DOI:** [http://dx.doi.org/10.7554/eLife.24119.015](10.7554/eLife.24119.015)10.7554/eLife.24119.016Figure 6---source data 1.**DOI:** [http://dx.doi.org/10.7554/eLife.24119.016](10.7554/eLife.24119.016)

To confirm that parasite F-actin corresponds to Cb-positive structures, we expressed Cb-Halo in *act1 cKO* cells. Using these parasites, we found that as early as 24 hr after excision of the *act1* gene, the filamentous network collapsed, leaving punctate actin spots visible only in the RBs (similar to vacuoles treated with Cyt-D). By 48 hr onwards, no F-actin structures could be observed and Cb-Halo was completely cytosolic, as expected due to cytosolic expression of this reagent ([Figure 6B](#fig6){ref-type="fig"}). The loss of filaments within the *act1* cKO over-time follows the down-regulation of ACT1 in *act1* cKO, indicating a polymerisation mechanism similar to eukaryotic actins ([@bib54]). To exclude a role of host cell actin in the formation of the inter-parasite connections, we treated infected host cells with the actin-disrupting drug latrunculin A, which specifically inhibits polymerization of host cell, but not parasite, actin ([@bib22]; [@bib54]). We found that latrunculin A treatment for 3 hr led to complete disruption of host cell F-actin (visualised using Phalloidin~488~), while the parasite F-actin network remained unaffected. This confirms that Cb-positive filamentous structures were not derived from host cell actin ([Figure 6C](#fig6){ref-type="fig"}). Next we wished to compare F-actin dynamics in a conditional mutant for the actin depolymerisation factor (ADF; \[[@bib32]\]). Previous studies demonstrated that the knockdown of ADF leads to stabilisation of actin filaments ([@bib32]) and apicoplast loss ([@bib19]). When we expressed Cb-Emerald in *adf* cKD to compare actin dynamics, we found that in absence of anhydrotetracycline (ATc) - when ADF is expressed - parasite F-actin shows a highly dynamic behaviour similar to wt parasites ([Figure 6D](#fig6){ref-type="fig"}, compare [Videos 6](#media6){ref-type="other"} and [7](#media7){ref-type="other"}). In stark contrast, incubation of parasites with ATc for 96 hr leads to depletion of ADF and consequently F-actin dynamics is significantly diminished. Under these conditions F-actin filaments accumulate at the posterior and to a lesser extent at the apical pole of the parasites. However, no dynamic behaviour can be detected and no filaments can be detected within the cytosol of the parasites ([Figure 6D](#fig6){ref-type="fig"} (red arrows), [Videos 6](#media6){ref-type="other"} and [7](#media7){ref-type="other"}).Video 6.Analysis of actin dynamics in *adf* cKO expressing Cb-Emerald in absence of ATc.Note the highly dynamic F-actin within the cytosol of the parasites. Scale bar 5 µm. Imaging speed 5 fps.**DOI:** [http://dx.doi.org/10.7554/eLife.24119.017](10.7554/eLife.24119.017)10.7554/eLife.24119.017Video 7.Analysis of actin dynamics in *adf* cKO expressing Cb-Emerald in the presence of ATc (when ADF is depleted).Actin dynamics is almost completely abolished and F-actin can be found concentrated at the posterior end and much less at the apical tip of the parasite. Scale bar 5 µm. Imaging speed 5 fps.**DOI:** [http://dx.doi.org/10.7554/eLife.24119.018](10.7554/eLife.24119.018)10.7554/eLife.24119.018

Inter-parasite actin tubules are dynamic during parasite replication and egress {#s2-7}
-------------------------------------------------------------------------------

As we had now established that endogenously expressed Cb bound specifically to parasite F-actin, we sought to investigate the dynamics of the inter-parasite F-actin network during the parasite's life cycle. Using time-lapse analysis, we found that in non-replicating parasites F-actin forms an extended, continuous filamentous network through the RB, connecting the parasites. During parasite replication, this network collapses and F-actin retreats to the RB (asterisks) before the network reform again, extending throughout the PV ([Figure 7A](#fig7){ref-type="fig"}, [Video 8](#media8){ref-type="other"}). Note that these filaments appear relatively static in resting parasites and do not show much reorientation/movement within 8 hr. However, once parasites start to replicate within the PV, the connections disintegrate and F-actin appears to be restricted to the RB ([Figures 7A](#fig7){ref-type="fig"} and [8A](#fig8){ref-type="fig"}, [Videos 8](#media8){ref-type="other"} and 12).10.7554/eLife.24119.019Figure 7.The F-actin network is stable in resting parasites, but highly dynamic during replication and egress.(**A**) Analysis of Cb-Halo during two rounds of replication. Images were taken every 30 min for 20 hr ([Video 8](#media8){ref-type="other"}). The network appears dynamic across the intracellular lifecycle, collapsing into rings during daughter cell emergence (asterisks). Time indicated in hours. Scale bar 5 μm. (**B**) Collapse of the F-actin network can be triggered by calcium signaling. Parasites were induced for egress with Calcium Ionophore A23187 and imaged at 1 frame per second ([Video 9](#media9){ref-type="other"}). The network collapses before parasites begin to egress. While filaments quickly collapse, the residual body remains intact during egress and is left behind. Box in lower left image shows freshly egressed parasites (enlarged below), where F-actin appears to accumulate at the posterior pole of the parasite. Time indicated in minutes:seconds. Scale bar, 10 μm. (**C**) Correlative light electron microscopy (CLEM). A vacuolar network was imaged with 3D-SIM super-resolution microscopy and the same areas were imaged with TEM. Filaments of 5 nm in thickness were present within the network tubules, extending over 100 nm in length. Scale bars: 200 nm (3D-SIM); 50 nm (TEM). (**D**) FRAP treatment in cells stably expressing Cb-Emerald. The F-actin inside the cells (left panel) and the nanotubular network connecting the parasites (right panel) show different fluorescence recovery times (20 and 60 s respectively), suggesting the presence of different actin dynamics inside the parasite and the filamentous network of the PVs respectively. Intensity in the FRAP area was expressed as intensity percentage of the same unbleached area (filament or nanotubular network). Time is expressed in seconds. Scale bar 5 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.24119.019](10.7554/eLife.24119.019)10.7554/eLife.24119.020Figure 8.Parasite-derived extracellular vesicles are transported in an F-actin dependent manner.(**A**) Parasites co-expressing GAPM3-YFP and Cb-Halo were imaged every 6 min for 5 hr, F-actin can be seen initially connecting the basal end of the parasites before accumulating beneath the forming daughter cells where it appears to concentrate towards the rear of the new daughters during emergence and recycling of the maternal IMC. Note the sudden collapse of the mother IMC into vesicles that appear to move towards the IMC of the nascent daughter cells (arrow). Scale bar 10 μm. (**B**) In parasites endogenously expressing GAPM1a-YFP, extracellular vesicles could be observed in close apposition to Cb-Halo labelled filaments (arrow). Parasites expressing Cb-Halo were imaged every second for up to 5 min. Extracellular vesicles positive for GAPM1a-YFP were observed to move along F-actin filaments (arrows). Scale bar, 5 μm. (**C**) The number of vesicles per vacuole that moved within 5 min of imaging were quantified in the presence and absence of 500 nM Cyt-D. At least 60 vacuoles were counted over three independent experiments. \*\*\*\*p\<0.0001.**DOI:** [http://dx.doi.org/10.7554/eLife.24119.020](10.7554/eLife.24119.020)Video 8.Analysis of Cb-Halo during two rounds of replication.Images were taken every 30 min for 20 hr. The network appears dynamic across the intracellular lifecycle, collapsing into rings during daughter cell emergence before reforming. Scale bar 5 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.24119.021](10.7554/eLife.24119.021)10.7554/eLife.24119.021

As the parasites appeared to be connected by F-actin filaments within a vacuole, we wondered how the organization of this network changes as the parasite exits from the host, especially as *act1* cKO parasites are unable to egress ([@bib16]). When we triggered a calcium signalling cascade using Ca^2+^-Ionophore ([@bib8]), the F-actin network collapsed rapidly, between 10 and 60 s after Ca^2+^-Ionophore addition ([Figure 7B](#fig7){ref-type="fig"}, [Video 9](#media9){ref-type="other"}). Collapse of the network preceded the initiation of motility and egress from the host cell ([Figure 7B](#fig7){ref-type="fig"}, arrow head; [Video 9](#media9){ref-type="other"}). As the parasites begin to move away from the lysed host cell, F-actin can be detected at the rear of the parasites ([Figure 7B](#fig7){ref-type="fig"}, inset) and residual filamentous actin is still seen within the RB.Video 9.Imaging of F-actin dynamics after addition of Ca2+-Ionophore, images taken every second.Filaments break up in a calcium dependent manner before parasites start to egress.**DOI:** [http://dx.doi.org/10.7554/eLife.24119.022](10.7554/eLife.24119.022)10.7554/eLife.24119.022

To investigate the presence of F-actin within this network, we performed correlative light-electron microscopy (CLEM). The network within a vacuole was imaged using 3D structural illumination super-resolution microscopy (3D-SIM) ([Figure 7C](#fig7){ref-type="fig"}). Thin sections of the same network were then imaged with transmission electron microscopy (squares). This demonstrated that extracellular F-actin filaments reside within membranous tubules of 50--60 nm in diameter. Within these tubules, several \~5 nm thick filaments (arrows) extending over 100 nm in length were observed (highlighted in magenta). Taken together these results confirm the presence of bundles of actin filaments bound within a membranous network, which connects individual parasites within the PV. This situation appears very similar to the formation of tunnelling nanotubes, long filopodia like structures, which consists of thin F-actin-based membranous structures with a small diameter (20--500 nm) that facilitate long range communications between cells ([@bib1]).

Given that the inter-parasite tubules are reorganized during both replication and egress, we investigated the dynamic behaviour of F-actin within individual tubules using fluorescence recovery after photobleaching (FRAP). While F-actin dynamics within the parasite cytosol is very fast ([Video 10](#media10){ref-type="other"}) and recovery rates very rapid, within 20 s ([Figure 7D](#fig7){ref-type="fig"}), we found that F-actin within the tubular network is much more stable and fluorescence labelling of these structures took more than 60 s to fully recover ([Video 11](#media11){ref-type="other"}). This demonstrates the presence of highly dynamic, intracellular F-actin and a stable F-actin containing filamentous network ([Figure 7D](#fig7){ref-type="fig"}).Video 10.FRAP of cytosolic filaments.FRAP treatment in cells stably expressing Cb-Emerald. After FRAP treatment, the F-actin inside the cell shows a fast fluorescence intensity recovery time of 20 s. Scale bar 5 µm. Imaging speed 5 fps.**DOI:** [http://dx.doi.org/10.7554/eLife.24119.023](10.7554/eLife.24119.023)10.7554/eLife.24119.023Video 11.FRAP of filamentous structure.FRAP treatment in cells stably expressing Cb-Emerald. After FRAP treatment in the nanotubular network, F-actin shows a fluorescence intensity recovery time of 60 s. Scale bar 5 µm. Imaging speed 5 fps.**DOI:** [http://dx.doi.org/10.7554/eLife.24119.024](10.7554/eLife.24119.024)10.7554/eLife.24119.024

Finally, given that *act1* cKO parasites divided asynchronously we wanted to readdress the role of actin in parasite replication. We generated parasites co-expressing GAPM1a-YFP and Cb-Halo and performed live imaging ([Figure 8A](#fig8){ref-type="fig"}, [Video 12](#media12){ref-type="other"}). During early stages of daughter cell formation, F-actin was found in the RB linking the two parasites at their posterior end ([Figure 8A](#fig8){ref-type="fig"}; 1.24--2.36 hr). At the earliest stages of daughter cell construction, F-actin accumulated at the elongating IMC ([Figure 8A](#fig8){ref-type="fig"}: 1.36--2.36 hr) and further concentrated towards the posterior end of the mother cells, where it colocalized with the mother IMC ([Figure 8A](#fig8){ref-type="fig"}, 3.00--3.24 hr). As the daughters begin to bud from the maternal cell, the IMC of the mother disintegrates and appears to be transported towards the daughter cells ([Figure 8A](#fig8){ref-type="fig"}, Arrows, 3.24--3.48 hr). At the end of replication, the now mature parasites remain connected through F-actin structures ([Figure 8A](#fig8){ref-type="fig"}, 4.00--5.12 hr).Video 12.GAPM3-YFP expressing parasites expressing Cb-Halo were imaged every 6 min for 5 hr, F-actin can be seen initially connecting the basal end of the parasites before accumulating beneath the forming daughter cells where it appears to concentrate towards the rear of the new daughters during emergence and recycling of the maternal IMC.Scale bar 5 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.24119.025](10.7554/eLife.24119.025)10.7554/eLife.24119.025

Given that GAPM1a-YFP positive vesicles appear to be transported between individual parasites within a PV or between parasites and the residual body ([Figures 2B](#fig2){ref-type="fig"} and [8A](#fig8){ref-type="fig"}) we wished to further define the role the filamentous network plays in this process. We imaged Cb-Halo and GAPM1a-YFP co-expressing parasites and tracked the motion of vesicles within the residual body. GAPM1a-YFP vesicles moved outside the parasite along filamentous tubules ([Figure 8B](#fig8){ref-type="fig"}), demonstrating vesicular transport within the residual body, as also shown for wt parasites ([Figure 2B](#fig2){ref-type="fig"}). Importantly, transport of vesicles was dependent on F-actin, as incubation of parasites with Cyt-D significantly abrogated vesicular transport ([Figure 8C](#fig8){ref-type="fig"}). In summary, these data demonstrate that individual parasites remain connected via an F-actin containing network that is required to transfer material in an active, F-actin dependent process ([Video 13](#media13){ref-type="other"}).Video 13.Vesicle tracking on F-actin tubules.Parasites stably expressing GAPM1a-YFP and transiently expressing Cb-Halo were imaged every second and vesicles containing GAPM1a-YFP could be observed to move along Cb-Halo filaments. Time indicated in minutes, scale bar 5 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.24119.026](10.7554/eLife.24119.026)10.7554/eLife.24119.026

Discussion {#s3}
==========

Studies on *Toxoplasma* actin performed in the 90's suggested that apicomplexan actin is highly divergent and incapable of forming stable filaments ([@bib12]; [@bib13]; [@bib11]). Since then, polymerization kinetics of heterologously expressed apicomplexan actin showed that it polymerized in an unusual isodesmic process, in contrast to conventional eukaryotic actin ([@bib49]). These findings have been recently questioned, as heterologously expressed apicomplexan actin was shown to be misfolded ([@bib37]). In parallel, a number of recent genetic studies have demonstrated important functions of parasite actin during intracellular development, including maintenance of the apicoplast ([@bib2]; [@bib16]), daughter cell replication ([@bib19]) and motility of secretory organelles ([@bib21]). These findings cannot be easily reconciled with the current view of parasite actin being incapable of efficient polymerization, and would instead predict the presence of F-actin filaments within the parasite cytosol. Furthermore, there are 11 putative myosin motors within the parasite ([@bib17]), driving diverse cellular processes from cell division to motility, which require actin filaments to function.

A major impediment to resolving this controversy has been the lack of appropriate reagents for specifically labelling F-actin. Parasite actin does not bind phalloidin, the gold standard reagent in other eukaryotic systems ([@bib48]) and, attempts to use genetically encoded actin sensors, such a LifeAct ([@bib42]) or Utrophin-CH ([@bib9]) have failed thus far (our and others unpublished data). Using a novel tool based on camelid nanobodies, Chromobody, we have visualized F-actin in *T. gondii* for the first time in live parasites and demonstrated it has important and previously unforeseen roles during the intracellular development of the parasite. While individual actin filament kinetics could not be easily defined, due to their highly dynamic nature within the parasite cytosol ([Videos 5](#media5){ref-type="other"}--[7](#media7){ref-type="other"}), a relatively stable F-actin network was clearly visible that linked individual parasites within the vacuole. Chromobodies have been used successfully in diverse eukaryotes to analyse actin dynamics ([@bib40]; [@bib41]; [@bib43]) and appear to have less toxicity than other F-actin sensors. However, we were concerned that Cb expression in *T. gondii* would perturb actin polymerisation, especially given the proposed dynamic and unstable nature of *T. gondii* actin. Indeed, high levels of transiently expressed Cb inhibited dense granule motility, likely by stabilizing F-actin ([Figure 3C](#fig3){ref-type="fig"}). However, upon stable expression of Cb-Halo or Cb-Emerald, no effect on the actin-dependent processes of invasion, replication and egress were observed, while only small alterations in dense granule movement and parasite motility were detectable ([Figure 4](#fig4){ref-type="fig"}). The reason for these discrepancies is currently unknown, but may be related to differing sensitivities of actin dynamics for these processes. Additionally, we demonstrated that the total amount of F-actin in the parasite does not change upon expression of Cb ([Figure 5](#fig5){ref-type="fig"}), indicating that while actin dynamics may be modulated, the overall polymerization state of actin does not change. We show that parasite actin remains susceptible to depolymerising and stabilizing agents Cyt-D and Jas. Moreover, the localization of Cb to filamentous structures in the residual body and inter-parasite network critically depends on the presence of actin ([Figure 6](#fig6){ref-type="fig"}). These data confirm that genetically encoded Cb-Halo and Cb-Emerald does not significantly alter actin dynamics within the parasite and so is an appropriate and robust tool for examining F-actin in this system.

The presence of actin in the RB and inter-parasite tubules has not previously been observed or predicted, and so we sought to independently verify that this localization was not an artefact of Cb expression. Labelling parasites with α-actin that preferentially recognises F-actin ([@bib4]) allowed the detection of actin positive structures connecting individual parasites ([Figure 6](#fig6){ref-type="fig"}), though the stain appeared more diffuse. When actin filaments were stabilised by the presence of Jas ([Figure 6](#fig6){ref-type="fig"}) this stain becomes more prominent and this was not dependent on the expression of Cb. This suggests that F-actin is less accessible to exogenously added antibodies after fixation, perhaps due to epitope alterations during fixation or the association of actin binding proteins to filaments. Interestingly, while actin has never been previously associated with this membranous network in *T. gondii*, it appears very similar to structures recently described for the related parasite *Theileria annulata*, which was shown to contain F-actin in a similar configuration ([@bib29]).

Using a combination of imaging and reverse genetics, we demonstrate that F-actin is required for the formation and/or maintenance of the residual body. Parasites lacking actin do not contain a residual body and are disorganized within the PV. In addition, we show that these extracellular actin-containing structures are required for the transport of material between parasites within a vacuole. The residual body and inter-parasite network allow both the free diffusion of cytoplasmic material between parasites, and transport of membrane bound vesicles between parasites. Further work will be required to determine if these membrane bound vesicles are then taken up by other parasites or are simply transported to the RB to remove them and if a myosin motor powers this for its transportation, as is the case of dense granule transport within the parasite cytosol ([@bib21]).

The organization of F-actin within the parasites and vacuole is highly dynamic throughout the cell cycle ([Figures 8](#fig8){ref-type="fig"} and [9](#fig9){ref-type="fig"}). In interphase parasites, long inter-parasite contentions extend throughout the PV. At the beginning of the replication cycle this network collapses and is found concentrated in the residual body (or bodies). Within the parasites, F-actin is found concentrated at the IMC of growing daughter cells during elongation ([Figures 8](#fig8){ref-type="fig"} and [9](#fig9){ref-type="fig"}). As the daughters bud from the mother cell, the inter-parasite connections again extend throughout the PV. As would be expected, the network also collapses in response to calcium ionophore, freeing the parasites and allowing egress. As motile parasites leave the PV, actin appears concentrated at the basal end of parasites ([Figures 8](#fig8){ref-type="fig"} and [9](#fig9){ref-type="fig"}).10.7554/eLife.24119.027Figure 9.(1) After successful invasion, tachyzoites establish a parasitophorous vacuole and initiate replication.(2) During daughter cell formation, actin labelling is observed at the IMC of the daughter cells and at the posterior pole of the mother. (3) Once the daughter cells are fully formed, the actin signal strongly localises at the posterior end of the parasites and with the remains of the mothers IMC, as it is recycled. The first actin filamentous network and ring-like structures are visualized. (4--5) Replication continues and the filamentous network is established between the tachyzoites. The actin ring continues to localize at the residual body. (6) The filaments between the parasites and the ring break in a calcium dependent manner prior to egress. The network collapses and dots of actin are detected at the posterior end of tachyzoites. (7) Tachyzoites egressing from the vacuole leave behind an accumulation of actin in the residual body.**DOI:** [http://dx.doi.org/10.7554/eLife.24119.027](10.7554/eLife.24119.027)

While Cb expression allowed us to demonstrate F-actin-containing membranous tubules for the first time, we were unable to assess the length of the individual F-actin filaments using these techniques. We speculate that this network consists of either short F-actin bundles that are cross-linked via unknown actin-binding proteins (based on the formation of short actin filaments in vitro) ([@bib48]) or that the presence of actin binding proteins such as formin, profilin, and coronin may coordinate their activities in vivo to produce longer actin filaments than those formed in vitro ([@bib48]; [@bib37];[@bib44]). While this study focuses on the characterization of the membranous network within the PV, it is worth nothing that highly dynamic actin filaments have been also detected within the cytosol of the parasite, and we show that these dynamics are almost completely abolished upon depletion of ADF in good agreement with previous findings ([@bib19]; [@bib32]) ([Figure 6](#fig6){ref-type="fig"}; [Videos 5](#media5){ref-type="other"}--[7](#media7){ref-type="other"}). Defining the organization of cytosolic filaments will be critical to further elucidating the role of F-actin both during intracellular processes such as vesicle transport and extracellular processes such as motility and invasion, where the role of the parasites acto-myosin system is currently readdressed, since parasites devoid of detectable actin remain invasive ([@bib54]). Interestingly, it appears that host cell membrane dynamics, driven by host cell actin, appears to be modulated by the parasite, enabling invasion in the absence of a functional parasite acto-myosin system ([@bib7]).

It is possible that F-actin is organized into distinct, higher order structures, perhaps forming large stable bundles in the tubules while existing as single filaments or small bundles in the cytosol. Future work will be needed to further define the organization of the actin cytoskeleton and to identify the actin binding proteins which contribute to the formation of these structures.

Materials and methods {#s4}
=====================

Plasmid construction {#s4-1}
--------------------

The Cb-Halo plasmid consists of a sequence encoding actin chromobody (Cb) from Chromotek followed downstream by an in frame sequence encoding Halo (Promega). The vector backbone contains a *Toxoplasma* tubulin promoter for protein expression and *hxgprt* resistance cassette. Actin-Cb was amplified with primers FW pG1Cb atta[GAATTC]{.ul}CCTTTTTCGACAAA[ATG]{.ul}GCTCAGGTGCAGCTGGT and Rv pG1Halo TATGTTAATTAATTAACCGGAAATCTCCAGAGTAG using as a template pHTC Halo Tag (Promega) containing in frame actin Cb. Actin chromobody (actin-Cb) was cloned in frame into pHTC Halo Tag (Promega) using a PCR product generated with primers FWvhH [GAATTC]{.ul}ATGGCTCAGGTGCAGCTGGTGGA, RVvhH [CTCGAG]{.ul}GCTTCTTGAGGAGACGGTGACCT using a pAC-TagRFP (Chromotek) as a template. To endogenously tag *gapm1a*, the 3'flank of the gene was amplified using 5' TACTTCCAATCCAATTTAATgccgccctgttcgtgtagttttatctg 3' and 5' TCCTCCACTTCCAATTTTAGCGGATCTGCAGGACAGGCAAGCC 3' and inserted into LIC-YFP by ligation independent cloning ([@bib26]). To create Cb-EmFP, the emeraldFP coding sequence was amplified using primers (emeraldFP-F: atgcaccggtatgggactcgtgagcaaggg and EmeraldFP-R: atgccttaagttacttgtacagctcgtcca). The emeraldFP PCR product and Cb-Halo plasmid were subcloned using traditional restriction digestion/ligation protocols.

Culturing of parasites and host cells {#s4-2}
-------------------------------------

Human foreskin fibroblasts (HFFs) (RRID: [CVCL_3285](https://scicrunch.org/resolver/CVCL_3285)), ATCC) were grown on tissue culture-treated plastics and maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% foetal bovine serum, 2 mM Lglutamine and 25 mg/mL gentamycin. Parasites were cultured on HFFs and maintained at 37°C and 5% CO2. Cultured cells and parasites were regularly screened against mycoplasma contamination using the LookOut Mycoplasma detection kit (Sigma) and cured with Mycoplasma Removal Agent (Bio-Rad) if necessary.

*T. gondii* transfection and selection {#s4-3}
--------------------------------------

To generate stable Cb-Halo expressing parasites, 1 × 10^7^ of freshly released RH ∆*hxgprt* parasites were transfected with 20 µg DNA by AMAXA electroporation. Selection was based on mycophenolic acid and xanthine ([@bib14]). Gapm1a-YFP parasites were transfected as above and were selected using pyrimethamine. In order to express *adf* cKO stably expressing Cb-Emerald, parasites were transfected with Cb-Emerald and selection was performed using flow cytometry with a S3 Cell Sorter (Bio-Rad, Hercules, CA, USA).

Inducing the conditional *act1* cKO {#s4-4}
-----------------------------------

The inducible *act1* cKO was obtained by the addition of 50 nM rapamycin to the parental LoxPAct1 strain for 4 hr at 37°C, 5% CO~2~ and cultured as described in [@bib16].

Cb-Halo expression in the *act1* cKO {#s4-5}
------------------------------------

Cb-Halo plasmid was transiently transfected into LoxPAct1. Transfected parasites were induced with 50 nM rapamycin for 4 hr ([@bib2]), washed and plated on HFFs. Parasites were fixed at the desired time and stained with Halo-TMR (1:10,000) for 15 min.

Western blot {#s4-6}
------------

Extracellular parasites were pelleted and then resuspended in RIPA buffer (50 mM Tris--HCl pH 8; 150 mM NaCl; 1% Triton X--100; 0.5% sodium deoxycholate; 0.1% SDS; 1 mM EDTA), incubation for 5 min on ice was used to lyse the cells. Afterwards, samples were centrifuged for 60 min at 14,000 rpm at 4°C and laemmli buffer was added to the supernatant. 5 × 10^6^ parasites were loaded onto an SDS acrylamide gel. Western blotting was performed as described previously ([@bib23]) using IRDye680RD or IRDye800RD (Li-Cor) secondary antibodies.

Co-immunoprecipitation {#s4-7}
----------------------

Extracellular Wt and Cb-Halo parasites were harvested, filtered and washed before being resuspended in actin stabilization lysis buffer (60 mM PIPES, 25 mM HEPES, 10 mM EDTA, 2 mM MgCl~2~, 125 mM KCl completed with Pierce Protease inhibitor mini tablets, EDTA Free (Thermo Scientific) and Triton X-100 0.2%). Lysates were incubated on ice for 1 hr, then incubated with equilibrated Magne HaloTag Beads (Promega) for 2 hr at 4°C. Beads were washed 5 times with 1 ml of buffer and elution was made using the TEV protease (Promega) as instructed in the protocol. Western blot analysis was performed as above.

F-Actin stabilization experiment {#s4-8}
--------------------------------

Freshly egressed parasites were harvested and resuspended in buffer A (60 mM PIPES, 25 mM HEPES pH7.5, 10 mM EDTA, 2 mM MgCl2, 125 mM KCl) containing 1 µM Jasplakinolide or DMSO. Parasites were incubated for 1 hr at 37°C in a water bath. After centrifugation, parasite pellets were resuspended in buffer B (buffer A complemented, 10% glycerol and 1% Triton X-100). The suspensions were left on ice for 1 hr and centrifuged at 13,000 rpm for 30 min at 4°C. Pellets were washed once with buffer B, resuspended in SDS protein loading buffer, and boiled. Western blot analysis and semi quantification was performed as described above using Li-Cor Odysseys Clx with antibodies against ACT1 ([@bib4]) and GRA7 as a loading control.

Purification of rCb from bacteria {#s4-9}
---------------------------------

The Cb coding sequence with a C-terminal 6-His tag was cloned into a pET22b bacterial expression vector and transfected into chemically competent Rosetta (DE3) bacteria (EMD Millipore). A 100 ml culture of LB-ampicillin was grown for 24 hr from a single bacterial colony. 25 mls of bacteria was used to inoculate 500 mls of LB-ampicillin and grown at 37°C until OD between 0.6 and 0.8. Expression was induced with 0.5 µM IPTG at 37°C for 4 hr. Bacterial pellets were frozen overnight at −80°C. Bacteria pellets were resuspended in 40 mls of xTractor buffer (Clontech) and then sonicated for 4 min on ice. Extracts were clarified at 9500x g for 20 min at 4°C. Supernatant were added to 1 ml of equilibrated Talon resin and agitated at 4°C for 60 min. Supernatant/resin mix was added to affinity column (Biorad) and supernatant allowed to flow through by gravity. Resin was washed with 20mls of Talon equilibration buffer (Clontech) followed 10 mls wash buffer (Equilibration buffer with 1/10th volume of elution buffer). Proteins were eluted with 10mls of elution buffer in 1 ml aliquots. Elutions containing rCb were pooled and dialyzed overnight in 125KMEI buffer (125 mM KCl, 1 mM MgCl~2~, 1 mM EGTA, 10 mM Imidazole pH 7.0, 10 mM DTT). All steps were performed at 4°C and proteins were stored at 4°C. Protein concentration was determined using Bradford Assay.

rCb affinity assays {#s4-10}
-------------------

rCb was diluted to 20 µM in 125KMEI and clarified at 100,000xg for 20 min at 4°C. Protein concentration in supernatant was determined using Bradford Assay and diluted to 8 µM in 125KMEI. Actin was diluted to various concentrations in Actin Buffer (25 mM KCL, 1 mM EGTA, 25 mM imidazole pH 7.4, 4 mM MgCl~2~, 10 mM DTT). Actin and rCb were added together in equal volumes and incubated at room temperature for 30 min before centrifugation at 100,000xg for 20 min at 4°C. Equal volumes of supernatant and pellet were run on NuPAGE Bis-Tris 4--12% Gradient gels (ThermoScientific) with 1XMES buffer. Gels were stained using Simply Blue Coomassie Stain as per manufacturer's instructions. The ratio of rCb in supernatants and pellets was determined by densitometry using ImageJ (RRID: [SCR_003070](https://scicrunch.org/resolver/SCR_003070)). The data from two independent experiments were used to determine the apparent Kd of rCb for F-actin.

Treatment with actin remodelling compounds {#s4-11}
------------------------------------------

Parasites were incubated with either 100 nM jasplakinolide or 2 µM cytochalasin D for 1 hr at 37°C. Parasites were fixed with 4% PFA and counterstained with the respective antibodies.

Light microscopy {#s4-12}
----------------

Widefield images were acquired in z-stacks of 2 μm increments and were collected using an Olympus UPLSAPO 100× oil (1.40NA) objective on a Deltavision Core microscope (Applied Precision, GE) attached to a CoolSNAP HQ2 CCD camera. Deconvolution was performed using SoftWoRx Suite 2.0 (Applied Precision, GE). Video microscopy was conducted with the DeltaVision Core microscope as above. Normal growth conditions were maintained throughout the experiment (37°C; 5% CO~2~). Further image processing was performed using ImageJ64 software. FRAP data were recorded using the same microscope as above. The region of interest was photobleached with a 405 laser for an optimised number of events for the cell strain and area investigated. Three pre-bleach and a number of post-bleach images ranging between 20 and 180 s (one image per second) were recorded with Exc and Em filter for FITC with an exposure time of 100--200 ms, ND filter 32%. Data were displayed and analysed using ImageJ software ([@bib52]). Fluorescence intensity was expressed as intensity percentage of the same unbleached area (filament or nanotubular network) to account for photobleaching and defocussing in the sample. Super-resolution microscopy (SR-SIM) was carried out using an ELYRA PS.1 microscope (Zeiss) as described in [@bib20]. For filament size analysis default settings of the Ridge Detection Plug-In ([@bib51]) in ImageJ was used.

Phenotypic characterisation of Cb-Halo parasites {#s4-13}
------------------------------------------------

### Plaque assay {#s4-13-1}

Conducted as described in [@bib33]. 1 × 10^3^ parasites were inoculated on a confluent layer of HFF and incubated for 5 days, after which the HFF were washed once with PBS and fixed with ice cold MeOH for 20 min. HFFs were stained with Giemsa with the plaque area measured using ImageJ. Mean values of three independent experiments ± SEM were determined.

### Dense granule motility {#s4-13-2}

Cb-Halo was transfected into SAG1ΔGPI-GFP expressing parasites, allowed to invade a confluent HFF monolayer on grown on MatTek (MatTek Corporation, Ashland, MA) dishes overnight, labelled with Halo-TMR was described above and dense granule motion was imaged as previously described ([@bib21]). Directed dense granule motions were tracked using the ImageJ Plug-in MTrackJ and the number of directed runs/parasite/minutes and directed run-lengths was quantified. The TMR fluorescence was measured using ImageJ and correlated to the dense granule directed motions. Total Number of directed runs in control, low expression and high expression samples were 183,150 and 1 respectively. Total number of vacuoles analysed from control, low expression and high expression were 19,17 and 14 respectively from two independent transfections. Statistical method used was student\'s t-test.

### Trail deposition assay {#s4-13-3}

Gliding assays were performed as described before ([@bib27]). Briefly, freshly released parasites were allowed to glide on FBS-coated glass slides for 30 min before they were fixed with 4% PFA and stained with α-SAG1 under non-permeablising conditions. Mean values of three independent experiments ± SEM were determined.

### Invasion/replication assay {#s4-13-4}

For the assay 5 × 10^4^ freshly released parasites were allowed to invade a confluent layer of HFFs for 1 hr. Subsequently, five washing steps were performed for removal of extracellular parasites. Cells were then incubated for a further 24 hr before fixation with 4% PFA. Afterwards parasites were permeabilised and stained with α-IMC1 antibody ([@bib16]). For invasion the number of vacuoles in 15 fields of view were counted. For replication, 200 vacuoles were counted for the number of parasites per vacuole. Mean values of three independent experiments ± SEM were determined.

### Quantification of replication of *act1* cKO {#s4-13-5}

LoxP*act1* parasites were induced with 50 nM rapamacyn for four hours. *LoxPact1 were used* as control. Parasites were allowed to invade in HFF cells grown on glass coverslips 24, 48, 72 and 96 hr after induction and replication was analysed 24 hr later. Coverslips were fixed using 4% paraformaldehyde for 20 min at room temperature and mounted using DAPI Fluoromount-G (SouthernBiotech). Nuclei staining was used to determine the number of parasites per vacuole.

### Quantification of actin filaments in *act1* cKO {#s4-13-6}

LoxP*act1* parasites expressing Cb-Halo were induced with 50 nM rapamycin for four hours. Cb-halo expressing RH *Δhxpgrt* parasites were used as control. Parasites were allowed to invade HFF cells grown on coverslips and replicate for 24, 48, 72 and 96 hr. Coverslips were exposed to Halo-TMR for 15 min prior fixation. Then fixed using 4% paraformaldehyde for 20 min at room temperature. Only vacuoles with more than eight parasites (when filaments are clearly visible) were considered for quantification.

### Egress assay {#s4-13-7}

Egress assays were performed as described in [@bib8]. Briefly, 5 × 10^4^ parasites were grown on HFF monolayers for 36 hr. Media was exchanged for pre--warmed, serum--free DMEM supplemented with 2 µM A23187 (in DMSO) to artificially induce egress. After 5 min the cells were fixed with 4% PFA and stained with a-SAG1 antibody under non-permeabilising conditions. 200 vacuoles were counted for their ability to egress out of the host cells. Mean values of three independent assays ± SEM were determined.

### Live egress {#s4-13-8}

Cb-Halo parasites were prepared akin to the egress assay. Around 1 × 10^5^ parasites were incubated in an Ibidi μ-Dish^35 mm^, high and left to replicate for 36 hr. Halo-TMR ligand (1:5000) was added to the dish, washed out after 15 min. The dish was then transferred to the DeltaVision Core microscope (Applied Precision, GE) with standard growth conditions. 20 μM Ca^2+^ ionophore was added to the media after imaging had commenced. Images were captured at 1 frame per second using the SoftWoRx software. Further image processing was performed using Fiji software.

### Live cell invasion {#s4-13-9}

Parasites were artificially released using 23 G needle and filtered prior to inoculation on a confluent layer of HFFs, grown on glass bottom dishes. The dish was then transferred to the DV Core microscope (Applied Precision, GE) and maintained under standard culturing conditions. Images were captured at 1 frame per second in DIC using a 40x objective lens. Images were analysed using the Fiji software for point of entry to closure. Penetration speeds were obtained for 22 independent invasion events for both RH and Cb-Halo parasites.

### Live cell 2D motility {#s4-13-10}

Both RH and Cb-Halo parasites were artificially released using a 23 G needle and filtered, spun down and resuspended in pre-warmed gliding buffer (1 mM EDTA, 10 mM HEPES in HBSS). These were then added onto FBS-coated glass bottom dishes and transferred to the DV core microscope (Applied Precision, GE). The cells were maintained under standard culturing conditions and imaged at one image per second using a 20x objective lens. Image sequences were analysed using the Fiji software, plugin wrMTrck. Average distance and speed were calculated for 20 parasites exhibiting helical or circular motions. Statistics were analysed using GraphPad Prism7.0.

### Scanning electron microscopy {#s4-13-11}

Infected cells were fixed in 2.5% glutaraldehyde and 4% paraformaldehyde in 0.1 M phosphate buffer. Following several washes with 0.1 M phosphate buffer, the cells were dehydrated in ascending ethanol series and critical point dried (Tousimis, USA). Before metal sputtering, the cell monolayer was scraped with Scotch tape, exposing the cytoplasm of the cells, as well as the parasitophorous vacuoles. These exposed cells were metal coated with gold/palladium and observed in a Jeol 6400 scanning electron microscope (Jeol, Japan).

### Correlative light-electron microscopy (CLEM) {#s4-13-12}

Cells were grown in gridded glass bottom petri dishes (MatTek) and infected with Cb-Halo parasites. Vacuoles presenting an extensive intravacuolar network were imaged with SR-SIM in an ELYRA PS.1 microscope (Carl Zeiss, Germany), and the material was fixed in 2.5% glutaraldehyde and 4% paraformaldehyde in 0.1 M phosphate buffer; and processed for transmission electron microscopy as described previously ([@bib31]). Thin sections of the same areas imaged in 3D-SIM were imaged in a Tecnai T20 transmission electron microscope (FEI, Netherlands). For correlative light/cryo-electron microscopy, cells infected with Cb-Halo parasites were fixed in 4% paraformaldehyde and 0.2% glutaraldehyde in 0.1 M phosphate buffer, pH 7.2, infiltrated in 2.1 M sucrose overnight and rapidly frozen by immersion in liquid nitrogen. Cryo-sections were obtained at −100°C using an Ultracut cryo-ultramicrotome (Leica, Austria). Cryo-sections were blocked in 3% bovine serum albumin in phosphate buffer and incubated in the presence of anti-chromobody. After several washes in blocking buffer, the cryo-sections were imaged in an Elyra super-resolution microscope (Carl Zeiss, Germany) and then incubated with 10 nm, gold-labelled anti-protein A (Aurion, Netherlands). The same areas observed on the light microscope were imaged in a Tecnai T20 transmission electron microscope (FEI, the Netherlands).
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"*Toxoplasma gondii* F-actin forms an extensive filamentous network required for material exchange and parasite maturation\" for consideration by *eLife*. Your article has been reviewed by two peer reviewers, and the evaluation has been overseen by Anna Akhmanova as the Senior and Reviewing Editor. The following individuals involved in review of your submission have agreed to reveal their identity: Isabelle Tardieux (Reviewer \#2).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

This manuscript addresses the organization of actin filaments in the protozoan *Toxoplasma gondii*. The authors use an actin probe based on camelid antibodies (chromobody, Cb) to trace endogenous actin during intracellular life cycle. This approach has already proved successful in monitoring actin dynamics in various systems ranging from mammalian cell lines to the whole zebrafish. This approach is highly relevant in the context of *Toxoplasma* and related parasites, since the understanding of actin dynamics (i.e. assembly/disassembly/2D and 3D organization) remains quite elusive in this organism and the processes of formation and turnover of polymerized actin pool are subject of controversy. Use of a chromobody helps to avoid the drawbacks of direct tagging or overexpression. This study clearly brings novelty to the field but also challenges the existing data in particular concerning the amount of F-actin, localization and network architecture in *Toxoplasma*. While the authors do not yet provide mechanistic explanations on how a particular F-actin bundle-like network that spreads in the vacuolar space, could nucleate, maintain the polarity of the progeny within the vacuole and possibly assist daughter cell individualisation, the first identification of this actin-based population provides a new angle for future dissection of the features of actin dynamics during *Toxoplasma* replication and possibly for uncovering additional F-actin sub-populations of distinct dynamics.

Essential revisions:

The strength of the tool/approach and the high informative value of some experiments (some live and static assays, especially the [Figure 3A](#fig3){ref-type="fig"}, which is gorgeous) are somewhat weakened by inaccuracies in the text and also by limited sampling (quantitative data and statistics are not presented). To make this contribution stronger, we thus recommend to improve the clarity in the introductive part, to reorganize data presentation (the authors might consider showing the static study first, followed by the live study), to correct some editing errors throughout the text and to provide additional information as requested below. Please also check that for each figure presenting graphs, the definition of the error bars, the n numbers, the number of experiments and the statistical test used are included in the corresponding figure legends. Please also confirm that the statistical test used was appropriate (e.g., a t-test can be applied when the test statistic would follow a normal distribution).

1\) The Abstract needs to be rewritten to help the reader on the rationale of the experimental approach (the actin chromobody approach is not mentioned) and the main results.

2\) Abstract and Introduction:

*Toxoplasma* parasite needs to be introduced.

Egress needs to be introduced.

It is difficult to understand why the possible role(s) of actin described is/are unexpected? In addition, the basic reference to CC needs an explanation and for instance it should take into account the polar nature of the actin filament and therefore the intrinsic actin self-assembly and disassembly and the additional layer of extrinsic level of regulation by ABPs.

Introduction: Define briefly isodesmic actin model by comparison to conventional actin dynamics.

3\) Results:

General remarks:

It is unclear whether Cb binds to F-actin, G-actin or both. It appears in some places to be argued one way and at times the other way. A normal anti-actin antibody staining would be expected to give background whereas Cb doesn\'t.

Furthermore, the authors may be correct that Cb may not adversely affect actin functions too much but they should be careful in interpreting this as evidence that it has no effect on actin polymerisation etc. in the cell. One might be affected without the other, and they have no direct measurement of actin in the cell.

[Figure 1](#fig1){ref-type="fig"}:

Please keep the same scale between WT and KO panels. It seems that the KO tachyzoites are longer despite they have a flat end. This is also visible in the [Figure 2](#fig2){ref-type="fig"} (FRAP). If this is real, please comment this point.

Subsection "Depletion of actin results in the loss of the residual body": If there is a loss of progeny synchronisation, it needs to be shown more convincingly, i.e. qualitatively and quantitatively (number tachyzoite/ vacuoles for n vacuoles and zoom staining). In [Figure 1B](#fig1){ref-type="fig"}, the IMC labelling of the Act1cKO does not seem to support asynchrony but rather shows a problem of IMC biogenesis. In fact, the SEM ([Figure 1C](#fig1){ref-type="fig"}) shows tachyzoites that have lost connection through the RB and are dispersed in the vacuolar matrix. The red arrows in SEM panels point to the end of division but it is not clear what the authors want to say. Do they mean the closure as individual cells (a step very poorly documented)?

[Figure 2](#fig2){ref-type="fig"}:

It should be explained why the bleached cell does not recover. It is proposed that GFP transport from surrounding cells is affected -- but why is there no recovery from the newly synthesised GFP made in that cell?

FRAP assays: while only one pre-bleach panel is sufficient, the visualization for the FRAP effect should be improved. Delineating the FRAP area will also help. Why is there a range of exposure time (100-200 ms) for FRAP recording? Is it different from experiment to experiment? FRAP data should represent a certain number of experiments that should be mentioned. Could the authors clarify the following statement which as it is now, seems to lack real ground "Of note, digital tracking of vesicles suggested movement along a tubular or filamentous structure".

[Figure 3](#fig3){ref-type="fig"}:

Panel B, on the right: the scale bar shows 10 micron unlike all the other figures.

[Figure 5](#fig5){ref-type="fig"}:

This figure is confusing as it does not bring strong support of actin in the RB with this imaging technique (it is even the opposite as the signal is everywhere despite the fact that the antibody is presented as kind of F-actin-specific). The chromobody characterized as a good marker of F-actin in the *Toxoplasma* vacuole (previous data) is much more convincing.

[Figure 6](#fig6){ref-type="fig"}:

This is a very important figure which would deserve to be better documented and clarified. Quantitative data on the network detection should be given since even in the jasplakinolide-treated cells, one vacuole containing 2 parasites seems not to display F-actin labelling ([Figure 6A](#fig6){ref-type="fig"})? Does that mean that the network is not always present at the same stage of parasite development in the vacuole? This is also puzzling for the loxActin ([Figure 6B](#fig6){ref-type="fig"}) where few filaments (bundles as nicely seen later [Figure 8](#fig8){ref-type="fig"}) are observed among the tachyzoites in the vacuole. The description of the network that here looks as lying between tachyzoites within the vacuole is a little different from [Figure 3](#fig3){ref-type="fig"}, which shows a network in the connecting posterior structure throughout the replication cycle. This is to be partly answered with the [Figure 8](#fig8){ref-type="fig"}.

[Figure 7](#fig7){ref-type="fig"} and the accompanying text:

Subsection "Cb specifically binds to parasite actin and does not alter the total amount of F-actin". 2% of actin is in the F actin form: the authors might do a calculation (even a ballpark one) of the amount of actin they estimate as a percentage of the total protein, then the number of molecules and then the amount of F-actin that would be likely. Then look at images and see if reasonable. One might do it the other way as well. Does it really seem likely that the actin is as rare a protein as previous studies have suggested if 2% can be assembled into such extensive networks? It is hugely unlikely that MS proteomics detected *no* other proteins in the pull down. The statement "could not be identified\" is ambiguous, please describe the results more clearly.

[Figure 8](#fig8){ref-type="fig"}:

What is the reason for qualifying the network as tubules (subsection "Inter-parasite actin tubules are dynamic during parasite replication and egress")?

In the first paragraph of the aforementioned subsection. The filamentous actin is within tubules. If the authors are really sure that this is true -- i.e. the correlative EM sections shown actually do fit in 3D with the LM images, this raises a really fundamental piece of biology that they must address in their discussion. How does actin (normally a cytoplasmic protein) get inside a membrane-lined tubule? We know a lot about how proteins cross membranes. However, here we have a claim that a protein that normally does not, does so in this system -- and with all of its cohort proteins that facilitate filament formation and no doubt dynamics. This is not easy to imagine, so a discussion of how this might occur would be useful.

To improve the logic of presentation, the figure that shows the data related to the network dynamics during replication and the high-resolution description of the network by CLEM might be presented after [Figure 3](#fig3){ref-type="fig"}.

10.7554/eLife.24119.029

Author response

*Essential revisions:*

*The strength of the tool/approach and the high informative value of some experiments (some live and static assays, especially the [Figure 3A](#fig3){ref-type="fig"}, which is gorgeous) are somewhat weakened by inaccuracies in the text and also by limited sampling (quantitative data and statistics are not presented). To make this contribution stronger, we thus recommend to improve the clarity in the introductive part, to reorganize data presentation (the authors might consider showing the static study first, followed by the live study), to correct some editing errors throughout the text and to provide additional information as requested below. Please also check that for each figure presenting graphs, the definition of the error bars, the n numbers, the number of experiments and the statistical test used are included in the corresponding figure legends. Please also confirm that the statistical test used was appropriate (e.g., a t-test can be applied when the test statistic would follow a normal distribution).*

We appreciate the suggestions, which allowed us to improve the clarity of the manuscript. In particular, we performed additional assays to quantify the amount of asynchronous replication of *act1cKO* parasites and added data for a conditional mutant for the actin depolymerisation factor (ADF) to further demonstrate formation of F-actin and F-actin dynamics in intracellular parasites. We considered to rearrange the data presentation, but felt that it would disrupt the "flow" of the study, since we organised data according to the characterisation of F-actin function (intracellular replication and formation of a F-actin network within the parasitophorous vacuole, transport of material in between individual parasites and egress).

The definition of error bars, n numbers, number of experiments and statistical tests are now included in the figure legends.

*1) The Abstract needs to be rewritten to help the reader on the rationale of the experimental approach (the actin chromobody approach is not mentioned) and the main results.*

We introduced the Chromobody in the Abstract.

*2) Abstract and Introduction:*

Toxoplasma parasite needs to be introduced.

*Egress needs to be introduced.*

We rewrote huge parts of the Introduction and elaborate on *Toxoplasma* and its asexual life cycle in more detail.

It is difficult to understand why the possible role(s) of actin described is/are unexpected? In addition, the basic reference to CC needs an explanation and for instance it should take into account the polar nature of the actin filament and therefore the intrinsic actin self-assembly and disassembly and the additional layer of extrinsic level of regulation by ABPs.

*Introduction: Define briefly isodesmic actin model by comparison to conventional actin dynamics.*

In our revision we tried to make the current discussion in the field clearer to the uninformed reader. However, it requires probably a full review to address all the implications and questions appropriately. We briefly introduced isodesmic vs. cooperative assembly mechanisms and the implication for actin binding proteins.

It now reads:

"According to the isodesmic polymerisation model, monomer addition is governed by a single equilibrium constant, meaning that no (unfavourable) activation step is required to initiate polymerisation. \[...\] Furthermore, a recent study demonstrated that conditional depletion of actin in *T. gondii* results in complete abrogation of known actin functions, long before G-actin levels are fully depleted, suggesting that in vivothe formation of F-actin depends on a critical monomer concentration (Whitelaw, 2017 \#1277)."

*3) Results:*

*General remarks:*

*It is unclear whether Cb binds to F-actin, G-actin or both. It appears in some places to be argued one way and at times the other way. A normal anti-actin antibody staining would be expected to give background whereas Cb doesn\'t.*

We made this clearer in the revision. The Cb itself is specific for F-actin, as shown in [Figure 6](#fig6){ref-type="fig"}, 7. The reason we obtain also a certain amount of cytosolic Cb-signal is that it is expressed within the parasite and so excess of CB will remain cytosolic. This can best be seen in [Figure 6](#fig6){ref-type="fig"} for CytoD treatment or act1cKO parasites. Loss of F-actin filaments results in more cytosolic stain of parasites with CB. However, this is not due to G-actin binding, but due to cytosolic expression of CB.

We now mention "Filamentous structures were observed within the parasites. In addition, Cb was somewhat diffuse in the parasite cytosol, corresponding to unbound CB expressed in the cytosol of the parasite ([Figure 3A](#fig3){ref-type="fig"})."

And:

"By 48 hours, no F-actin structures could be observed and Cb-Halo was completely cytosolic, as expected due to cytosolic expression of this reagent ([Figure 6B](#fig6){ref-type="fig"})."

*Furthermore, the authors may be correct that Cb may not adversely affect actin functions too much but they should be careful in interpreting this as evidence that it has no effect on actin polymerisation etc. in the cell. One might be affected without the other, and they have no direct measurement of actin in the cell.*

We agree with the reviewers. Like all F-actin binding reagents, we would expect to influence actin dynamics. However, given that we can obtain parasites stable expressing CB and that the observed phenotypic consequences caused by this expression are relatively weak (though detectable) gives us confidence that our analysis of F-actin behaviour is correct.

We addressed this concern in the initial submission. To make it clearer to the reader we have now added:

"In summary expression of CB is well tolerated by the parasite indicating that it does not adversely affect actin functions in general. However, it cannot be ruled out that actin dynamics is locally affected within the cell due to expression of CB."

*[Figure 1](#fig1){ref-type="fig"}:*

*Please keep the same scale between WT and KO panels. It seems that the KO tachyzoites are longer despite they have a flat end. This is also visible in the [Figure 2](#fig2){ref-type="fig"} (FRAP). If this is real, please comment this point.*

We thank the reviewer for this comment. We corrected the size bars in [Figure 1](#fig1){ref-type="fig"}. In general we agree that there are morphological changes upon depletion of Act1 (as shown in [Figure 1B](#fig1){ref-type="fig"}). However, the size of parasites is in general comparable.

*Subsection "Depletion of actin results in the loss of the residual body": If there is a loss of progeny synchronisation, it needs to be shown more convincingly, i.e. qualitatively and quantitatively (number tachyzoite/ vacuoles for n vacuoles and zoom staining). In [Figure 1B](#fig1){ref-type="fig"}, the IMC labelling of the Act1cKO does not seem to support asynchrony but rather shows a problem of IMC biogenesis. In fact, the SEM ([Figure 1C](#fig1){ref-type="fig"}) shows tachyzoites that have lost connection through the RB and are dispersed in the vacuolar matrix. The red arrows in SEM panels point to the end of division but it is not clear what the authors want to say. Do they mean the closure as individual cells (a step very poorly documented)?*

We now quantified the loss of synchronisation and included it in [Figure 1A](#fig1){ref-type="fig"}. We removed the Gra1 stain, since it is redundant to the Gra2 stain (a marker of the intravacuolar network). The IMC labelling in [Figure 1B](#fig1){ref-type="fig"} has been somewhat misinterpreted by the reviewer. We do not see any defects in early IMC formation during replication (see also [Figure 9](#fig9){ref-type="fig"}). However, the onset of replication within a PV is not synchronous. As an example, in [Figure 1B](#fig1){ref-type="fig"} a vacuole with 4 parasites is depicted, where each individual parasite is at a different stage during replication. The arrow depicts a parasite, where replication is almost complete, whereas other parasites are at an early stage of replication (or resting).

We also clarified the labelling (red arrow). We interpret the data as a defect in IMC maturation, leading to a collapsed posterior pole in good agreement with the live imaging analysis shown in [Figure 9](#fig9){ref-type="fig"}.

*[Figure 2](#fig2){ref-type="fig"}:*

*It should be explained why the bleached cell does not recover. It is proposed that GFP transport from surrounding cells is affected -- but why is there no recovery from the newly synthesised GFP made in that cell?*

We would not expect a recovery of the signal due to GFP synthesis in the bleached cell, since we measure the recovery within 90 seconds. This is insufficient to detect novel protein synthesis.

*FRAP assays: while only one pre-bleach panel is sufficient, the visualization for the FRAP effect should be improved. Delineating the FRAP area will also help. Why is there a range of exposure time (100-200 ms) for FRAP recording? Is it different from experiment to experiment? FRAP data should represent a certain number of experiments that should be mentioned.*

We improved the depiction of the FRAP and chose a better movie for the control. The exposure time for both FRAP experiments was identical. In the initial submission we chose 2 different time scales, since recovery of wt parasites was very rapid (within 20 seconds), while act1cKO showed no recovery. We now chose the same time scale.

We also mention in the legend: "FRAP experiment is representative for several biological replicates (n\>3)".

*Could the authors clarify the following statement which as it is now, seems to lack real ground "Of note, digital tracking of vesicles suggested movement along a tubular or filamentous structure".*

We are not sure what the reviewer refers to. The experiment we performed aimed to image transport of YFP-positive vesicles ([Figure 2B](#fig2){ref-type="fig"}) in wt parasites (not expressing a CB). Tracking of these vesicles with tracking software suggested that they are transported along filaments. We included this experiment to demonstrate that this vesicle transport is seen irrespective of CB expression.

*[Figure 3](#fig3){ref-type="fig"}:*

*Panel B, on the right: the scale bar shows 10 micron unlike all the other figures.*

We updated this figure. We also included overview images of large PVs, where the intravacuolar network is identified (see comments below).

*[Figure 5](#fig5){ref-type="fig"}:*

*This figure is confusing as it does not bring strong support of actin in the RB with this imaging technique (it is even the opposite as the signal is everywhere despite the fact that the antibody is presented as kind of F-actin-specific). The chromobody characterized as a good marker of F-actin in the Toxoplasma vacuole (previous data) is much more convincing.*

We agree with the reviewers that this figure is somewhat distracting and we decided to remove it in the revision.

*[Figure 6](#fig6){ref-type="fig"}:*

*This is a very important figure which would deserve to be better documented and clarified. Quantitative data on the network detection should be given since even in the jasplakinolide-treated cells, one vacuole containing 2 parasites seems not to display F-actin labelling ([Figure 6A](#fig6){ref-type="fig"})? Does that mean that the network is not always present at the same stage of parasite development in the vacuole? This is also puzzling for the loxActin ([Figure 6B](#fig6){ref-type="fig"}) where few filaments (bundles as nicely seen later [Figure 8](#fig8){ref-type="fig"}) are observed among the tachyzoites in the vacuole. The description of the network that here looks as lying between tachyzoites within the vacuole is a little different from [Figure 3](#fig3){ref-type="fig"}, which shows a network in the connecting posterior structure throughout the replication cycle. This is to be partly answered with the [Figure 8](#fig8){ref-type="fig"}.*

We thank the reviewer for these thoughtful comments. We now added additional data to demonstrate that:

The network that can be detected outside of the parasites (but still within membrane tubules) is indeed variable from vacuole to vacuole and depends on the size of the PV. It usually appears, once the PV contains at least 8 parasites. See also revised [Figure 3](#fig3){ref-type="fig"}. We added a new panel in [Figure 3](#fig3){ref-type="fig"} to demonstrate this in more detail. The jasplakinolide treatment does result in actin polymerisation in all parasites, however the occurrence of the network is still variable, as seen in [Figure 6A](#fig6){ref-type="fig"}. We now chose to show parasites that were transient transfected with Cb, since this allowed us to compare parasites expressing Cb and not expressing Cb in parallel. As can be seen in the larger panel, both parasites show identical staining with α-actin, irrespective of Cb expression. In case of *act1cKO* a network can never be observed irrespective of vacuole size, once actin is depleted (72-96hours post-induction). We now added quantifications for both assays.

We also decided to include our analysis of F-actin dynamics in a conditional knockdown for TgADF (Mehta et al., 2011) and demonstrate that F-actin dynamics is completely abrogated and F-actin accumulates at the RB. Importantly CB signal in the cytosol is almost completely lost, providing further evidence that CB is specific for F-actin.

*[Figure 7](#fig7){ref-type="fig"} and the accompanying text:*

*Subsection "Cb specifically binds to parasite actin and does not alter the total amount of F-actin". 2% of actin is in the F actin form: the authors might do a calculation (even a ballpark one) of the amount of actin they estimate as a percentage of the total protein, then the number of molecules and then the amount of F-actin that would be likely. Then look at images and see if reasonable. One might do it the other way as well. Does it really seem likely that the actin is as rare a protein as previous studies have suggested if 2% can be assembled into such extensive networks?*

We thank for this suggestion. We did indeed try to calculate and correlate amount of F-actin to signal. However, the complication here is that the coIPs can only be performed on extracellular parasites that do not form a network and where majority of actin appears non-polymerised (as published previously). This is in good agreement with our data, since in extracellular parasites CB-signal is diffuse and cytosolic, though filaments can be observed (see revised [Figure 7B](#fig7){ref-type="fig"} for an example of the signal in a freshly egressed, extracellular parasite). Unfortunately, co-IP on intracellular parasites is not feasible, since after preparation of the lysate the CB expressed within *Toxoplasma* is mixed with host cell lysate and hence we precipitate also huge amounts of host cell actin. Therefore, we cannot estimate at this point how much actin is polymerised during intracellular replication. The main reason, why we wanted to mention this result is to demonstrate that in extracellular parasites the expected amount of F-actin can be detected using CB, further demonstrating that expression of CB has minimal effects on F-actin dynamics.

*It is hugely unlikely that MS proteomics detected no other proteins in the pull down. The statement "could not be identified\" is ambiguous, please describe the results more clearly.*

We agree that the initial description is somewhat misleading. We did indeed identify several proteins in this precipitation along with parasite actin. The important point however is that no host cell actin or any of the parasite actin-like and actin-related proteins was detected, demonstrating specificity for F-actin. We were contemplating to publish the whole list of identified proteins, which likely represent novel F-actin interacting proteins. However, at this point we would not like to share this set of data, since we are currently analysing them in detail.

*[Figure 8](#fig8){ref-type="fig"}:*

*What is the reason for qualifying the network as tubules (subsection "Inter-parasite actin tubules are dynamic during parasite replication and egress")?*

*In the first paragraph of the aforementioned subsection. The filamentous actin is within tubules. If the authors are really sure that this is true -- i.e. the correlative EM sections shown actually do fit in 3D with the LM images, this raises a really fundamental piece of biology that they must address in their discussion. How does actin (normally a cytoplasmic protein) get inside a membrane-lined tubule? We know a lot about how proteins cross membranes. However, here we have a claim that a protein that normally does not, does so in this system -- and with all of its cohort proteins that facilitate filament formation and no doubt dynamics. This is not easy to imagine, so a discussion of how this might occur would be useful.*

We apologise for this apparent misunderstanding. The way we interpret the data is that the membranous tubules form a continuous system with the parasites/residual body, meaning that they have direct access to the parasites cytosol and therefore actin.

We now added in the Results section: "This situation appears very similar to the formation of tunnelling nanotubes, long filopodia like structures, which consists of thin F-actin-based membranous structures with a small diameter (20-500 nm) that facilitate long range communications between cells (Abounit, 2012 \#127)."

*To improve the logic of presentation, the figure that shows the data related to the network dynamics during replication and the high-resolution description of the network by CLEM might be presented after [Figure 3](#fig3){ref-type="fig"}.*

We considered this suggestion. However, our logic is to first rule out artifacts (therefore we present first [Figure 4](#fig4){ref-type="fig"} demonstrating minor influence of CB expression on the parasite, then specific binding of CB to F-actin ([Figure 5](#fig5){ref-type="fig"}, [6](#fig6){ref-type="fig"}), before we continue with the functional characterisation of the network. We are however happy to discuss other alternatives.
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